Results Distinct LARC frequencies were identified in 100% of tissue strips (n = 9) obtained with a mean frequency of 1.97 ± 0.47 cycles/min (33 ± 8 mHz). Out of 100 consecutive UD studies reviewed, 35 visually displayed phasic p ves waves. In 12/35 (34%), real p ves signals were present that were independent of abdominal activity. Average UD LARC frequency was 2.34 ± 0.36 cycles/min (39 ± 6 mHz) which was similar to tissue LARC frequencies (p = 0.50). A majority (83%) of the UD cohort with LARC signals also demonstrated detrusor overactivity. Conclusions During UD, a subset of patients displayed phasic p ves waves with a distinct rhythmic frequency similar to the in vitro LARC frequency quantified in human urinary bladder tissue strips. Further refinements of this technique may help identify subsets of individuals with LARC-mediated storage disorders.
Introduction
Low amplitude rhythmic contractions (LARC) are observed during the filling phase of micturition, characterized as phasic contractions having lower amplitude than observed with electrical or potassium stimuli [1] . LARC occur in mammalian detrusor smooth muscle (DSM), including human [1] [2] [3] [4] , although their function and exact stimulus (or stimuli) remain to be elucidated [5] . One suggested functional role of LARC is to maintain preload (bladder tone), allowing for active detrusor contraction at a continuum of urinary bladder volumes [1, 6] . In this regard, LARC may provide a mechanism through which the bladder is primed to empty completely at any volume.
Abstract
Purpose Low amplitude rhythmic contractions (LARC) occur in detrusor smooth muscle and may play a role in storage disorders such as overactive bladder and detrusor overactivity. The purpose of this study was to determine whether LARC frequencies identified in vitro from strips of human urinary bladder tissue correlate with in vivo LARC frequencies, visualized as phasic intravesical pressure (p ves ) waves during urodynamics (UD). Methods After IRB approval, fresh strips of human urinary bladder were obtained from patients. LARC was recorded with tissue strips at low tension (<2 g) and analyzed by fast Fourier transform (FFT) to identify LARC signal frequencies. Blinded UD tracings were retrospectively reviewed for signs of LARC on the p ves tracing during filling and were analyzed via FFT.
3
The human urinary bladder consists mainly of DSM which participates in complex signaling pathways between nerves, interstitial cells (IC) and the urothelium [7, 8] . IC in the lower urinary tract of mammals demonstrate spontaneous periodic calcium transients that may generate or modulate LARC [9, 10] . Additionally, DSM cells are able to myogenically generate spontaneous activity and the frequency of this activity is increased in DSM samples taken from patients with overactive bladder syndrome (OAB) [11] . Previous studies demonstrate an increase in bladder micromotion in patients with urinary urgency and LARC with increased frequency, and amplitude has been observed in vitro in urinary bladder tissue strips obtained from patients with detrusor overactivity, thereby suggesting dysregulation of LARC in patients with OAB [3, 12] .
LARC can be represented mathematically as a complex signal with periodic changes in amplitude. Fast Fourier transforms (FFTs) process a time-dependent signal and output the power density spectrum, and additional analysis allows for discrimination of real signals from background noise. FFT has been used previously to analyze LARC observed in rabbit and mouse DSM and in phasic pressure waves in ex vivo pig bladders [2, 13, 14] .
A quantitative correlation of in vitro human urinary bladder LARC and LARC observed during human filling cystometry has never been performed. In the present study, we aim to identify and characterize LARC frequencies from isolated strips of full-thickness (urothelium, lamina propria and DSM) human urinary bladder tissue via FFT analysis. Furthermore, we aim to identify LARC frequencies evidenced by phasic intravesical pressure (p ves ) waves during in vivo human urodynamics (UD) via FFT and correlate these frequencies with LARC identified from human bladder tissue strip analysis. We propose that FFT may prove to be a useful tool in characterizing subtypes of storage disorders mediated by LARC.
Materials and methods

Human tissue preparation
All experiments involving human bladders were approved by the institutional review boards at Virginia 
Human tissue data analysis
Voltage signals from isometric force transducers were digitized (NI USB-6341, National Instruments) with data acquisition occurring at 10 Hz using multichannel dataintegration software (DASYLab ® , National Instruments). A segment of 4096 consecutive data points of steady state LARC tension data was normalized to the maximum tension during this time (example tracing, Fig. 1a) . A Hanning window was applied to filter out very low frequency signal (i.e., stress relaxation) and prevent discontinuity artifact during FFT analysis. FFT was then performed using Excel Analysis ToolPak (Microsoft Corp). Frequency domain output was in ~2.4 mHz intervals. A frequency range of interest (0.005-0.200 Hz or 0.3-12 cycles/min) was determined by preliminary data of carbachol-induced LARC in human DSM (not shown) and prior studies of DSM LARC in both humans and other species [1, 2, [15] [16] [17] [18] . A real signal was defined as having an associated amplitude on the power spectrum which was the maximum as well as being >2 standard deviations (SD) above the mean amplitude over the aforementioned frequency range (example spectrum, Fig. 1b ).
UD data analysis
All UD studies were performed by a trained nurse urodynamicist in compliance with best practice guidelines [19] . As a standardized control measure, a cough test was performed at the beginning of each UD study to confirm an equal pressure rise (within 10 cm H 2 O) in both the bladder (p ves ) and abdominal (p abd ) pressures. Multichannel digital pressure and flow data acquisition were performed at 10 Hz via an Aquarius TT™ system (Laborie, Toronto). Blinded multichannel digital data from the 100 most recently performed consecutive UD studies were imported into Excel for retrospective analysis directly from the UD computer. Only measured pressures (p ves and p abd ) were analyzed due to potential confounding from p det which has been shown in previous publications [20] . Studies with a constant (p abd ) value suggesting that a rectal or vaginal catheter was not used were excluded. Also, studies with a phasic p abd activity (suggesting rhythmic rectal contractions) were excluded from analysis. Tracings were visually inspected for phasic p ves as signs of LARC (example, Fig. 2a) , and if present, further analysis was conducted. Next, p ves and p abd were normalized to their respective maximum recorded pressures during 2048 or 4096 consecutive data points of filling where LARC was visualized without provocative maneuvers or voiding/incontinent episodes (example, Fig. 2b ). FFT was then performed on both p ves and p abd to identify the real signals in the range of 0.010-0.100 Hz (0.6-6 cycles/min). This frequency range was chosen because of overlap with the human urinary bladder tissue strip LARC frequency range but remained below any physiologic respiratory rate or heart rate as well as UD pump cycling rate which may cause artifact on pressure tracings. Two thresholds were conservatively set and both were required to identify a real p ves signal seen on FFT power spectrum thought to be originating from LARC (example spectrum, Fig. 2c ). Threshold 1: the p ves signal must have an associated amplitude >2 standard deviations (SD) above the mean normalized p ves amplitude over the analyzed frequency range. Threshold 2: the p ves signal must have an associated amplitude >3 SD above the mean normalized p abd amplitude over the analyzed frequency range to be considered exclusive of any intra-abdominal process. A higher threshold (3 SD) was used in human UD studies as compared to human urinary bladder tissue strip studies (2 SD) to account for increased artifact that is inherent during in vivo human studies. After all data analysis, UD studies were unblinded to collect demographic data.
Statistical analysis
Human tissue LARC signal frequencies were compared to UD LARC signal frequencies using a two-tailed Student's t test with p < 0.05 being considered statistically significant. Frequency values are reported as mean ± standard error.
Results
Human tissue
Urinary bladder tissue strip data were obtained from nine patients. Average age was 60 ± 5 years, and 78% were male. Urothelial carcinoma was the underlying pathology in 6/9 of tissue samples. No patients had indwelling catheters or performed intermittent catheterization. Antimuscarinc use was noted in 2/9 patients (22%). All tissue samples obtained demonstrated LARC, and mean LARC signal frequency identified after FFT signal analysis was 0.033 ± 0.008 Hz (1.97 ± 0.47 cycles/min). Power spectrum analysis performed on tension data obtained from the experimental apparatus without tissue confirmed that all LARC signal amplitudes were greater than two standard deviations above the average amplitude of any inherent noise. Urodynamics had not been performed on any of the nine patients providing tissue for analysis.
UD
Of the 100 blinded UD studies obtained, nine were excluded due to corrupted files which could not be imported. 
Discussion
The present study reveals for the first time that the phasic p ves frequency measured in vivo during UD filling cystometry in human subjects is similar to the LARC frequency measured in vitro generated by isolated strips of human bladder tissue. Analysis of UD LARC frequencies showed that a majority of the patients identified with real phasic p ves signals had detrusor overactivity. Recognizing that all DSM strips in our study were observed to have an identifiable LARC frequency, we hypothesize that a subset of patients with detrusor overactivity may have an amplified LARC (higher amplitude but similar baseline frequency). Our findings suggest that this phasic activity in p ves may be due to LARC originating from elements within the detrusor. Potential physiologic roles for LARC in acute length adaptation and adjustable preload have been identified in rabbit DSM [6, 21] . Length adaptation and adjustable preload have also been identified in the human detrusor, and the clinical correlate of adjustable preload, dynamic elasticity, has been identified during human urodynamics [20, 22] . Thus, LARC could function as an intrinsic regulator of bladder tension. Because the bladder wall is effectively in-series with pelvic sensory nerves [23] , increased tension during filling generated by higher amplitude or faster frequencies of LARC could illicit increased urgency. In addition, the identification of a unique frequency of approximately 33 mHz (2 cycles/min) observed both in vitro in human urinary bladder tissue strips and in vivo in human UD studies suggests that a LARC pacemaker may arise from within the bladder itself. Several investigators have shown that IC exist within DSM bundles of various mammalian species [7] [8] [9] . Previous work with rabbit DSM suggests that cyclooxygenase-mediated signaling between IC and adjacent DSM bundles may play a role in the generation of LARC via prostaglandin signaling with these findings supporting the fact that increased prostaglandin levels are seen in patients with OAB-type symptoms [24] . Others have shown that urinary bladder IC generate calcium transients that have similar frequencies to those observed in the current study suggesting IC within the bladder may be a potential source for an intrinsic bladder pacemaker [9, 10] .
Periodic fluctuations in p ves have been described previously as phasic detrusor overactivity. Even at low amplitudes, these phasic pressure waves can illicit patient symptoms [25] . The predominant UD LARC frequencies seen in this study are lower than other physiologic periodic pressure fluctuations (aside from rectal contractions) that could have provided artifact during the study such as respiratory rate (18/min = 300 mHz), heart rate (70/min = 1.2 Hz) or non-physiologic rates from bladder filling by UD pump (>100 cycles/min for 40 mL/s fill rate = > 1.7 Hz). Frequency ranges for analysis were consistent with prior published studies [1, 2, [15] [16] [17] [18] and an initial analysis of all FFT data from both human urinary bladder tissue strip LARC and UD LARC showed noise only above the frequency ranges used for analysis (not shown), ensuring that relevant frequencies were not omitted. However, lack of literature demonstrating quantitative analysis of LARC during UD may reflect difficulty in separating signal from noise. Using selective criteria and high exclusion thresholds may have provided the ability to discern these signals in our series.
Studies of LARC have been previously performed in animal models and these studies tempt speculation that alterations in LARC may cause or worsen overactive bladder symptoms [2, 23, 26] . Prior in vitro animal models have demonstrated that LARC directly causes an increase in detrusor tension [6] . Because DSM is in-series with mechanoreceptors coupled to Aδ afferent nerve fibers, increased detrusor tension (generated by LARC) may contribute to the sensation of urgency. Therefore, it is imperative to develop techniques to objectively analyze LARC during in vivo human UD studies to diagnose patients that lack visibly obvious p ves fluctuations.
The current study is limited by the fact that the majority of tissue used was from patients with known pathologies. However, one bladder tissue specimen, obtained from a healthy 27 year-old during organ harvest, exhibited LARC at a similar frequency to the remainder of the cohort. Furthermore, the use of retrospective UD data makes interpretation more difficult. However, we have accounted for some of these issues by performing analysis in a blinded fashion and describing a detailed selection process for data analysis. We have also begun prospectively collecting LARC data during UD in which an extended 5-min hold period is employed at defined percentages of bladder capacity. Future research will hopefully define normal ranges for LARC frequency and amplitude with development of computerized algorithms to integrate FFT analysis into UD. Further investigation into LARC and its regulation may ultimately lead to the identification of storage disorders mediated by LARC.
Conclusions
LARC can be identified and characterized by FFT during in vivo UD studies. The LARC frequency identified in vitro from human DSM was found to be similar to the LARC frequency identified during in vivo UD studies evidenced by phasic p ves waves. Refinements of FFT as a means to objectively analyze signals during UD represent an important step toward characterization of storage disorders mediated by LARC. Future studies of LARC may lead to a better mechanistic understanding of storage disorders and other forms of voiding dysfunction.
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cal standards. All experiments involving human bladder tissue were approved by the institutional review boards at Virginia Commonwealth University and the Hunter Holmes McGuire Veterans Affairs Medical Center. Informed consent was obtained from all patients involved in this study.
